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After the Fukushima accident in 2011 year, ATF nuclear fuel cladding concept was accelerated to achieve 
the reactor operation with the new accident tolerant structural materials. However, several designed so-
lutions do not fulfil the accident tolerant concept but particularly increase the corrosion resistance of Zr-
cladding tubes at normal operating conditions, so-called “Advanced Technology Fuel, EATF”. Cr-coa-
ted zirconium claddings following the first concept, have been the widely tested and the first full Cr-
coated fuel rods have been planned to operate in LWR reactor conditions around the 2022 year. Our 
contribution describes the Cr-coated Zr-%1Nb cladding tube microstructure after high-temperature 
steam oxidation at 1200°C by means of Scanning Electron Microscopy and nanoindentation methods. 
The article is focused on WDS line-profile studies of oxygen and chromium diffusion into the Zr-matrix. 
The increased Cr-diffusion with oxygen is evident causing a change in local mechanical properties which 
is well-described by measurements of nanohardness and Young's modulus. In addition, the developed 
methodology of the WDS & nanoindentation line-analyses was also optimized to apply in hot-cell con-
ditions to measure the effect of neutron-irradiation on the different coatings and coating/matrix inter-
face.  
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 Introduction 

Due to a good balance between resistance to 
corrosion, neutron transparency and mechanical pro-
perties, zirconium-based alloys have been used since 
the 1960s for nuclear fuel claddings in Light Water 
Reactors (LWRs) [1].  Preserving the good mechani-
cal properties and integrity of the fuel cladding is cru-
cial not only for the reactor operation, but also for 
the following wet and dry storage and transportation 
of the spent fuel rods [2]. In addition, this role be-
comes more important during loss of coolant 
(LOCA) and severe accidents [3]. After Fukushima 
Daiichi accident in 2011 year, the development of al-
ternative nuclear fuel materials to increase the safety 
in severe conditions was revived – focusing to re-
place or improve the currently used Zr-alloys, so-
called Accident Tolerant Fuels, ATF (reducing heat 
and hydrogen production by high-temperature reac-
tion with steam during loss of cooling) [3]. Improve-
ment of current Zr-claddings is based on their depo-
sition by Cr, CrN-thin coatings using different depo-
sition methods, while the replacement of the verified 
Zr-alloys is discussed by refractory alloys as Ti, Ni-
based alloys or alloy composition tuning with alumi-
nium addition (intensively studied FeCrAl), F/M 

steels, ceramic materials (SiCf, SiC), prospective ma-
terials (HEA/CCA/MAX phases), etc. On the fuel 
side, research on enhanced performance has focused 
on improved UO2 (doped with oxides such as Cr2O3, 
Al2O3 or SiO2, or with high-thermal-conductivity 
metallic or ceramic phases, to enhance the fission gas 
release process by increasing the grain size and opti-
mize mechanical properties), higher density fuels 
(nitrides, carbides, silicides and metals), or micro-
encapsulated fuels [4].  

Focused on the improvement of currently used 
Zr-based alloys, the one ATF fuel cladding concept 
which has been fully used in nuclear reactor is the 
Enhanced ATF type (EATF) based on the Cr-coat-
ing deposited on the currently used Zr-claddings, 
while stoichometric CrN and multi-layer type of ATF 
as Cr + CrN-based are still in development [5]. 
Mostly in USA, ATF activities led to funding of col-
laborative research by fuel manufacturers Westing-
house, Framatome and GNF to give the first ATF 
rods into the USA nuclear power plants (NPPs) by 
2022 year. There are a several benefits as well as dis-
advantage to use Cr-coated claddings in the current 
reactor generation [4]: 
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 EATF does not change the design and the 
manufacturing process of claddings, it means 
the minimum impact to the licensing process. 
(+), 

 EATF type reduces the fuel corrosion at nor-
mal reactor operation and therefore icreases 
the fuel burnup. (+), 

 LTA with several fuel rods is already irradi-
ated in NPPs in Europe as well as USA. There 
is active research in the EATF – regular 
transport of the fuel rods from NPPs into 
hot-cell laboratories for qualification experi-
ments which probably allows to realize the re-
actor operation with EATF in the close fu-
ture. (+), 

 Cr reacts with Zr-alloys at the temperature 
above 1305°C and then stops the protective 
properties of the Cr-coating. In this case, 
EATF will add only tens of minutes to effi-
cient cooling recovery compared to the stand-
ard Zr-cladding tubes. (-). 

The EATF type then brings the advantage particu-
larly in normal reactor operation and slightly in severe 
accidents conditions, therefore the behavior of the Cr-
coated should be well-described at LWR conditions 
[4]. 

After high-temperature oxidation (HTO), a typical 
Cr2O3 rhombohedral crystallographic structure with a 
particular crystallographic texture, the (001) crystallo-
graphic planes being mainly perpendicular to the coa-
ting surface [4]. A continuous chromium-zirconium 
thick layer at the Cr/prior-βZr interface. This layer is 
due to the inter-diffusion between the Zr substrate 
and the Cr coating occurring upon the incursion at 
high-temperature. Consistently with the Zr-Cr phase 
diagram, it was observed that this thin layer is consti-
tuted mainly of an intermetallic Zr(Cr,Fe)2 C15 (face 
centered cubic, fcc) Laves phase [4].  

Interaction between coating and substrate as chro-
mium diffusion into the substrate and zirconium di-
ffusion into coating along grain boundaries was 
described by several author teams [1], [6]. Our contri-
bution is focused on the analysis of chromium, zirco-
nium and niobium diffusion during high-temperature 
oxidation for 9 min at 1200 °C. 

 Materials and methods 

 Material and coatings  

The tests presented in this paper were performed 
using the Zr-1%Nb cladding alloy. The tested tubular 
non-irradiated segments had an outer diameter of 9.1 

mm and a length of 45 mm, and the thickness of the 
wall was about 0.6 mm. Tubular segments were sealed 
with Zr-1%Nb end-plugs, and welding was performed 
using the electron beam method. 

The chromium coating was deposited on the outer 
surfaces of specimens by physical vapour deposition 
(magnetron sputtering) using the Hauzer Flexicoat 
850 industrial system. Specimens were ultrasonically 
cleaned in: acetone, ethanol, and demineralized water. 
And in the end dried with a blower before coating de-
position. The tubes were placed into a vacuum cham-
ber on rotating holders where the tube surfaces were 
cleaned by ion etching in the argon plasma. This pro-
cess removes the thin Zr-oxide and other impurities, 
thus improving the adhesion of the coating. The thic-
kness of the coatings after the deposition was mea-
sured with an optical microscope and LUCIA G image 
analyzer and was found to be 10.6 ± 0.2 μm for the Cr 
layer.  

 High-temperature steam oxidation 

Coated tubular segments were cleaned, degreased, 
and then weighted, and then exposed for variable time 
intervals to high-temperature steam at low pressure 
(0.1 MPa). The test was performed in a resistance fur-
nace at a constant temperature. The oxidation was sin-
gle-sided. An S-type thermocouple measured the tem-
perature placed close to the specimen surface. At the 
end of the test, the sample was quenched in ice water.  

 Sample preparation for material characte-
rization 

For WDS analysis, EDS analysis and nanoindenta-
tion, the sample was metallographically ground and 
polished. Then, fine polishing was performed on MD-
Dac, wetting agent DiaPro Dac 3 µm (diamond su-
spension for polishing), rotation speed 150 rpm, pres-
sure 30 N/sample, for 05:00 min. Furthermore, fine 
polishing was performed on MD-Nap (cloth with ace-
tate surface for polishing), wetting agent DiaPro Dac 
1µm (diamond suspension for polishing), rotation 
speed 150 rpm, pressure 30 N/1 sample, for 05:00 
min. The samples were purified with water in a Lava-
min ultrasonic cleaner from Struers.  

 WDS and nanoindentation: line-profile ana-
lysis after HTO 

BSE imaging and microchemical analysis using 
WDS line profiles were performed on a SEM Tescan 
MIRA3 GMU equipped with a Field Emission Gun 
(FEG) auto-emission cathode, fitted with Wave700 
inclined WDS Spectrometer (Oxford Instruments), at 
the accelerating voltage of 15kV and beam current of 
35nA. Standardization was performed using SPI stan-
dards of pure elements Fe, Cr, Zr, Nb and compound 
ZrO2-Y for the analysis of oxygen. 
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WDS line profiles were acquired across the outer 
tube wall including coating into the substrate with the 
set distance of analytical points of 2 µm. The first 
point of the WDS profile was set to the resin, the last 
to the substrate. The first point included to the evalu-
ation was selected according to chromium concentra-
tion (resin analytical points without chromium). A to-
tal of 3 WDS line profiles were acquired to the depth 
of 200 µm from the coating/substrate interface to the 
substrate. The WDS line profiles were 13 µm apart. A 
analysis area is shown in Figure 1. 

Nanoindentation was performed with Hysitron Ti 
950 nanoindenter with low force modulus head and 
Berkovich diamond tip along the WDS profiles. Each 
indentation profile consisted of 70 indents separated 
by 3 µm. Basic trapezoid load function was selected. 
This load function had 2 seconds loading segment to 
maximal force, 1 second hold segment at maximal 
force and 2 seconds unloading segment to zero force. 
Stage and tip drift was measured 60 and 45 seconds 
and were included in the hardness calculations. The 
maximum load 3 mN was selected to reach indents 
size about 1 µm wide. The beginning of indention pro-
file was placed to resin to ensure that the indents at 
the beginning of the profile extend into the coating-
matrix interface. Finally, the nanoindentation curves 
were evaluated by the Oliver-Phar method in Tri-
boscan and Niget software. A analysis area is shown 
in Figure 1. 

The sample was analyzed by EDS. An overview 
map (view field 220 um) and a detailed map of the 
oxide layer, coating and part of the substrate were cre-
ated. 

 

Fig. 1 The area of interest: Rhombus – WDS analysis pro-
file; cross – nanoindentation profile 

 Results and discussion 

The coating/substrate interface was chosen as the 
zero point of analysis, therefore the oxidation layer 
and coating are in negative values. 

Data from WDS analysis and nanoindentation 
were averaged and presented in Graph 1-4.  

The Cr content in the oxide layer (Graph 1) incre-
ases until the transition to the chromium layer, where 
it reaches the highest value of 98.44 % at a distance of 
-4 μm. At the coating/substrate boundary at a distance 
of 0 μm, the Cr content decreases to 3.06 %. From 
this point, the Cr concentration decreases up to about 
190 μm where the concentration reaches 0 % (Graph 
2). The weight percentage of Nb in the coating region 
increases at a distance of -2 µm (Graph 1). In the sub-
strate, the Nb concentration is constant (Graph 2). 

The results of nanoindentation hardness compared 
with chromium weight concentration are presented in 
Graph 3-4. The first indents (at a distance of 0 to 3 
µm) extend into the chromium oxides. The highest 
hardness value was measured here, namely (11.68 ± 
4.61) GPa (Graph 3). The high hardness is due to the 
presence of CrxOy oxides (CrO2, Cr2O3) produced by 
high-temperature oxidation in the steam [7]. WDS 
data of elements weight concentration is presented in 
Graph 1. The amount of oxygen decreased from 38 
weight percent at -10 µm distance to 20.35 weight per-
cent at -6 µm distance which means chromium oxides 
with higher proportion of oxygen on the surface of 
the sample.  The presence of more different oxides re-
sults in high hardness and at the same time a higher 
standard deviation, where the lower cohesion of the 
oxide layer also plays a role [8].  

The second indents (at a distance of -7 to -1 µm) 
extend into unoxidized chromium. Here, a significant 
decrease in hardness compared to the oxide layer was 
measured to a value of (4.15 ± 0.16) GPa. Values 
abouth 2 GPa were measured by nanoindentation of 
high-purity chromium by Christian Brandl and his 
team at room temperature. Their study of chromium 
of various purities also showed that with just a 0.2 % 
increase in impurities, there was a 20% increase in 
hardness [9]. According to the EDS analysis (Figure 
3), zirconium and niobium are also present in this area, 
which forms an and is responsible for higher hardness 
than in the case of pure chromium [10]. 

The rest of indents extend into the matrix where 
zirconium is the dominant element. The hardness me-
asured at the coating-matrix interface gradually decre-
ased linearly with distance from ± 7 GPa to ± 6 GPa 
(Graph 4). At the same time, the concentration of 
chromium decreases in the direction from the oxide 
layer and coating to the material matrix. This corre-
sponds with the measured hardness values since chro-
mium forms intermetallic phases with both niobium 
and zirconium [11]. 
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Graph 1 Detailed composition of the oxidation layer and coating 

 

Graph 2 Detailed composition of the Zr-matrix  

 

Graph 3 Comparison of Cr, O-line profiles and nanohardness changein the area of oxidation layer and coating 
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Graph 4 Comparison of Cr, O-line profiles and nanohardness change in the area of Zr-matrix  
 

EDS analysis provided image support for the di-
ffusion of Cr in the Zr-substrate (Figure 2). A detailed 
EDS map of the oxide layer, coating and part of the 
substrate showed diffusion of Cr into the substrate. It 
forms a visible layer of 1 µm width at a distance of 0 
µm. According to WDS analysis, the chromium con-
tent here is 3.06 µm. And at the exact moment, Zr di-
ffuses into the coating along grain boundaries. The 
same effect was described for Zircaloy-4 alloy in [1]. 
In this contribution, it is also confirmed that niobium 
diffuses into coating along the grain boundaries.  

Fig. 2 EDS Layered image of the Cr-content 

 
Fig. 3 (a) EDS Layered image; (b) Nb Lα; (c) Zr Lα 

 
Tab. 1 Wt. % of elements in the interference of oxidation layer, 
coating and substrate 

 

 Conclusions 

WDS analysis showed a Cr-diffusion into the Zr-
matrix up to a distance of about 190 µm in the ATF fuel 
cladding exposed to the high temperature steam oxi-
dation at 1200°C. The nanohardness of the material 
corresponds to the Cr concentration, i.e. decreases with 
decreasing Cr concentration.  

The results were achieved using the methodology of 
automatic line-profile analysis to describe the change in 
chemical concentration and local mechanical properties 
developed for the ATF cladding measurements 
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Diffusion of zirconium and niobium into the Cr-
oxidic phase along the grain boundaries was found out. 

In the next step of this research, the sample will be 
subjected to TEM analysis to identify the Zr-Nb phase 
in the coating as well as the testing of the ATF cladding 
alloy under high temperature oxidation at higher tem-
peratures at different time periods. Tested ATF mate-
rials within presented publication are the reference state 
for the neutron-irradiated ATFs to 0.3 dpa which will 
be investigated in the further study under the developed 
methodology based on the previos results obtained on 
neutron-irradiated structural materials [12]. 
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